Magnetic nanoparticles (MNPs) have great potential for a wide use in various biomedical applications due to their unusual properties. It is critical for many applications that the biological effects of nanoparticles are studied in depth. To date, many disparate results can be found in the literature regarding nanoparticle-biological factors interactions. This review highlights recent developments in this field with particular focuses on in vitro MNPs-cell interactions. The effect of MNPs properties on cellular uptake and cytotoxicity evaluation of MNPs were discussed. Some employed methods are also included. Moreover, nanoparticle-cell interactions are mediated by the presence of proteins absorbed from biological fluids on the nanoparticle. Many questions remain on the effect of nanoparticle surface (in addition to nanoparticle size) on protein adsorption. We review papers related to this point too.
The current development of magnetic nanoparticles (MNPs) requires a better understanding of its biological effects. A great deal of work has been conducted to study MNPsbiological factors interactions. Many researchers bend themselves to in vitro cell-based assessment. In this work, the current knowledge of how the in vitro cultured cells can interact with the exposed colloid MNPs is discussed as well as the effect of nanoparticle size and surface properties on cell responses. The specific cell line selected for in vitro assay is intended to model a response or phenomenon likely observed or sensitized by particles in vivo. Here, the frequent lack of consistency or predictability between in vitro models and in vivo observations, which is because of the different biological conditions particles exposed to and the changed cell phenotype against primary cell types, is out of our consideration. As we have known, cell monocultures as measured by in vitro assays rarely react in such isolated pathways in native tissues comprosed of multiple, dynamically communicative cell types that produce non-linear and correlated response to foreign materials.
Adsorption of proteins onto the nanoparticle surface happens immediately after particles come in contact with a biological fluid, and it is the proteins associate with nanoparticles, leading to a protein "corona" which defines the biological identity of the particle. Here, we also try to review some current work on associated protein "corona" when nanoparticles were incubated in biological medium.
Overview of magnetic nanoparticles
MNPs have been attracting much attention because of their prospective biomedical applications, either as contrast agents for magnetic resonance imaging (MRI) [1] , heating mediators for hyperthermia [2] , introcellular cell labeling and tracking [3] , or as drug/gene delivery carriers [4] . Several materials including iron oxide (γ-Fe 2 O 3 or Fe 3 O 4 ), cobalt, nickel and manganese ferrites, metals and metal alloys such as Fe and FePt, have been developed [5] . In all of them, iron oxide nanopartilces are used more commonly than others because they could be simply synthesized, easily modified and functionalized, and biocompatible. In fact, some iron oxide-based MNPs (e.g. Endorem and Feridex) have been approved to use clinically by US FDA. MNPs mentioned in the following text mean iron oxide-based MNPs without special indication.
Iron oxide nanoparticles can be synthesized using a variety of techniques, such as aqueous co-precipitation process, high-temperature decomposition of organometallic precursors, etc. The former technique is the easiest and most common, and the process is initiated by mixing an iron salt with polymer surfactants under alkaline conditions. The precise pH value in the solution and the used surfactant play the predominant role in determining the nanoparticle properties. The latter has been used to precise control the size and shape of nanoparticles by changing the precursors, surfactants and solvents. It could be capable of producing uniform spherical Fe 3 O 4 nanoparticles with a size variation of <2 nm and diameters ranging from 4 to about 22 nm [5] .
To ensure the colloidal stability under physiological conditions and enhance the functionality, iron oxide nanoparticles synthesized need to be efficiently coated with various types of chemistry modifiers including polymers, dendrimers, organic acids, nature polysaccharides, inorganic matrixes, etc. [6] . This is undertaken either during or after synthesis. As a typical example, nanoparticles encapsulated in a hydrophobic polymer shell could be prepared as a nanodevice for transporting a whole spectrum of molecules, including drugs. The encapsulation ensures that the shell is not washed off in hydrophilic media, what would result in sedimentation and aggregation of the magnetic core particles. At the same time, high magnetite contents and uniform distribution of magnetite in the polymer can be achieved. And the functional groups introduced by the polymer shell also offer the opportunity for further functionalization with modifiers like functional ligands [7] , organic dyes [8] , permeation enhancers (like cell penetrating peptides, CPPs) [9] or antibodies [10] to imbue them with specific biological functionalities. Embedding iron oxide nanoparticle into the polymer shell can also be synthesized for multifunctional devices serving as contrast agents for either MRI or ultrasound imaging [11] . In addition to polymers, liposomes, polyelectrolyte multilayer microscapsules or micelles are typical examples of organic matrixes that can be used for encapsulation of iron oxide nanoparticles [5] . Inorganic matrixes such as silica [12] or gold [13] could also be available for the synthesis of such core-shell or embedment structure. Figure 1 illustrates MNPs with different surface functionalities.
Protein corona associated with nanoparticles
The differential proteins bound to the surface of nanoparticles can influence the tissue distribution, cellular uptake, and biological effects of nanoparticles. Moreover, in a biological circumstance, proteins associate with nanoparticles, and the amount and presentation of the proteins on the surface rather than the particles themselves that is the cause of numerous biological responses. It is this outer layer of proteins (protein "corona") that is actually seen by the biological cell, organ or barrier, and leads to the in vivo responses [14] . Dissecting the composition of protein corona in a given biological fluid may allow predictions of the particle's fate regarding its interactions with specific cell types and surface receptors as well as predictions of its half-life in the body [15] . Thus, various studies have been conducted to reveal the knowledge of particle-guided protein fingerprints and their dependence on nanomaterial properties.
Currently, several techniques are available for isolating nanoparticle-protein complexes, including equilibrium dialysis, size-exclusion chromatography, and microfiltration as being referred by Tenzer et al. [16] . More recently, separation by centrifugation has been selected as common approach as it can easily be used routinely, be reproducible, and requires relatively little material [16, 17] . For the analysis of the composition of protein corona, SDS-polyacrylamide gel electrophoresis (SDS-PAGE) followed by liquid chromatography mass spectrometry (LC-MS) of digested peptides are used, combining with in silico analysis [16] [17] [18] [19] . Also, several spectroscopic techniques (dynamic light scattering, UV-visible, plasmon resonance light scattering) are employed to inspect the dynamic proteins-nanoparticle interactions [20] .
Types of nanoparticles were chosen as targeted objects to try to understand the influence of particle size [16] , surface roughness [21] , surface charge [22] , surface chemistries [23] on the composition of the corresponding protein corona formed in a given biological fluid. The referred properties have been suggested to play a significant role in determining the detailed coronas. However, the observations are not always consistent. Studies addressing the influence of different physico-chemical parameters reported various outcomes. And no distinct mechanisms explaining proteinspecific binding have emerged from these studies. For example, some investigators found that particle size predomi-nantly affects the protein corona quantitatively rather than qualitatively [16] . In contrast, other studies using similar polymer, gold, or other metal nanoparticles reported not only significant quantitative but also qualitative sizedependent changes in the obtained protein fingerprints [23] . Although no mechanisms have been shown so far explaining why size alone should either allow or completely abolish binding of certain proteins.
Besides size, the influence of other particle characteristics on the composition of associated protein corona also addressed various outcomes. For surface charge, modulating the surface charge of polystyrene nanoparticles significantly influenced the composition of the corona [23] . Also, negatively charged silica nanoparticles were reported to preferentially adsorb proteins with pI <7, displaying a negative charge at pH 7.3, i.e. the pH present in plasma preparations [16] . In contrast, other investigations found out an increase in plasma protein absorption with surface charge density without affecting the overall protein profile [24] . In our study, MNPs functionalized with silanes bearing various functional groups including amino group, carboxylic group, and short-chain poly(ethylene glycol) (PEG) were incubated in cell culture medium (PRMI 1640 plus 10% fetal calf serum). Silanes-MNPs with various functional groups had different adsorption capacity to proteins in the cell culture medium, as inferred by UV-visible spectroscopy using Coomassie blue fast staining method, about 4.8% of proteins in 10 mL cell culture medium could be adsorbed onto the surface of 1 mg NH 2 -silanes-MNPs. And compared to NH 2 -and COOH-silanes-MNPs, the amount of protein adsorbed by PEG-silanes-MNPs was negligible, indicating protein repellent property of PEG despite its low molecular weight and short chain used in this study [25] .
Knowledge of rates, affinities, and stoichiometries of protein association with, and disassociation from, nanoparticles is also studied using simple model systems, plasma and in vitro cell culture medium to understand the nature of the particle surface seen by the functional machinery of cells [20, 26] . Besides the human plasma or simple protein model systems, differential cytosolic fluids are also used as incubation liquids [17] .
The controversial outcomes might be because of different experiment conditions and techniques which were used for protein isolation, separation and identification. As we aware, some proteins may be below the detection limit of the employed methods. With the remarkable development of detection techniques, the underlying mechanisms for such some how unexpected observations, which certainly include hydrophobic/hydrophilic as well as electrostatic interactions, would be resolved gradually. And these finds are helpful for us to scientifically understand, characterize and possibly some additionally emphasize on standards for the surfaces of nanoparticles including magnetic nanoparticles for the future need.
Cellular uptake and processing
Studies of cellular uptake have attracted much attention as either a safe and efficient localization of MNPs into the cytosol may be critical in some applications such as phototherapy, intracellular imaging, and gene or intracellular drug delivery or it should be avoided as in the extracellular implications. The internalization through endocytosis (the process of uptake of macromolecules into cells by enclosing them in membrane vesicles) upon contact with the cell membrane can occur through a variety of mechanisms which has been reviewed by Verma et al. [15] : (1) phagocytosis, (2) pinocytosis, (3) macropinocytosis, (4) clathrin-mediated endocytosis, and (5) caveolae-mediated endocytosis.
The size of MNPs has been found to greatly influence their cellular uptake. For the uptake routes, phagocytosis is the uptake of particles larger than 500 nm, often triggered by particle opsonization and subsequent receptor-mediated activation of F-actin-driven pseudopods that engulf the particle in a cytoplasmic phagosome, while pinocytosis usually occurs at the sites of clathrin-coated pits and involves the passage of particles smaller than 200 nm [27] . Cellular uptake amount of nanoparticles is also influenced by the nanoparticle size. In a study by Huang et al. [28] , the uptake of 30-120 nm polyvinylpyrrolidone (PVP) coated iron oxide nanoparticles was investigated in RAW264.7 mouse macrophage cells. It was found that the cellular uptake was heavily dependent upon size, with the uptake of particles of 37>65>8>23 nm, which indicated that 37 nm is the optimal size for cell uptake. A very important factor that should be considered is that even though nanoparticles display a certain size after synthesis, during the in vitro studies they might aggregate into vastly different shapes and sizes that may dictate the outcome and interpretation of results.
Surface charge plays a significant role in the internalization of nanoparticles. It has been well-known that positively charged MNPs were adsorbed more efficiently on the negatively charged cell surface and consequently showed greater internalization than that of neutral and negatively charged MNPs. We have investigated the interactions of three MNPs: dimercaptosuccinic acid (DMSA) coated-(DMSA@MNPs, negative charge), chitosan coated-(CS@MNPs, positive charge) and the agglomerates formed by aggregation between DMSA@MNPs and CS@MNPs (CS-DMSA@MNPs, positive charge) with KB cells (oral squamous carcinoma cell) [29] . The results showed that the cellular uptake of the two positively charged MNPs was higher than that of negatively charged MNPs, and the higher cellular uptake of CS-DMSA@MNPs compared with CS@MNPs, which may result from the high surface charge and large agglomerate size, was detected too. Also in this study, the cellular uptake of MNPs was dependent on the incubation time and nanoparticles concentration. Due to the high affinity of positive CS@MNPs to cells, which leads to efficient cell labeling, a novel CS@MNPs covalently attached fluorescent dye for high-efficient cellular imaging serving both as magnetic resonance contrast agents for MRI and optical probes for intravital fluorescence microscopy was further developed by our group [30] .
Meanwhile, there has been evidence of uptake of negatively charged particles despite the unfavorable interaction between the particles and the negatively charged cell membrane. As an example, carboxyl-functionalized poly(amidoamine) (PAMAM) dendrimer-stabilized iron oxide nanoparticles have been shown to be taken up into human epithelial carcinoma cells presumably either through pinocytosis or via direct diffusion through the cell membrane [31] . The cellular uptake of DMSA@MNPs in different cell lines was found in many studies including our study in which smooth muscle cells were employed [32] . The internalization of negatively charged nanoparticles may occur through nonspecific binding and clustering of the particles on the scarce cationic sites on the plasma membrane and their subsequent endocytosis.
Compared to charged MNPs, particles coated with a neutral ligand such as poly(ethylene glycol) PEG produced negligible aggregation in cell-culture conditions and reduced nonspecific uptake by macrophage cells as well as low uptake by the liver and spleen. According to this, we have developed dense PEG coated MNPs, which exhibit great application potential in tumor imaging as MRI contrast agents targeting [33] .
Besides charge, surface properties such as hydrophilic/ hydrophobic, chemical group or composition may have great influence on MNPs cellular uptake. These properties are commonly given by the chemistries or biomolecules which were used to modify or functionalize nanoparticles. The utilization of cell-penetrating or cell-fusogenic biological ligands conjugated to nanoparticles can help in the fusion of NPs with cell membranes and their uptake into the cytoplasm. These cell-membrane-penetration motifs can chaperon the cargo inside the cell into the cytosol or nucleus. Take the HIV-1 derived tat peptide as an example, following the initial work by Weissleder's group [34] that successfully delivering 41 nm dextran-coated SPIOs conjugated to tat, resulting in over a hundredfold increase in lymphocyte internalization, other original studies with subsequent in vivo work focused on using tat peptide sequences as tools to enhance cell uptake [35, 36] . In addition to tat, different modifs including Arg-Gly-Asp (RGD), nuclear-localization signal (NLS) peptides, allatostatin 1, PLL, arginine-rich peptides, and virus proteins have been used for effective cellular delivery of nanoparticles as reviewed by Saha et al. [37] . Many such biological motifs seem to have positively charged residues (assisted by hydrophobic residues) for efficient cellular internalization that correlates very well with the behavior of positively charged organically functionalized nanoparticles [38] . However, it did not affect in the similar manner all the time. Some of these mo-tifs also have an amphipathic surface structure or some may negatively charged. Oligonucleotides, despite of their negative surface charge, can be used as coating modifs which help nanopartilces readily taken up by mouse endothelial cells, and the uptake was dependent on the density of oligonucleotide loading on the nanoparticles surface, with higher densities providing greater uptake [39] . This may due to the interface between adsorbed serum proteins on the particles surface through electrostatic and hydrophobc complementarity with the cell membrane, which revealed the importance of protein adsorption on nanoparticles described in last section.
To better understand the mechanisms of nanoparticle-cell membrane interactions, several in silico studies have been performed by our group. The coarse-grained molecular dynamics simulations aimed at nanoparticle's size effect on its translocation across a dipalmitoylphosphatidylcholine (DPPC) bilayer showed that the interaction of nanoparticles induces the structural variations of membranes, the larger the nanoparticles are, the more space they need to cross the bilayer, and the more significant changes the bilayer shows. The calculation base on the free energy in this study showed that the size of nanoparticles affects the translocation time differently, suggesting that the size has significant impacts on its translocation across the lipid bilayer [40] . Results of coarse-grained molecular dynamics simulations indicated that a hydrophobic nanoparticle can result in the inclusion into the DPPC bilayer, whereas a semihydrophilic nanoparticle is only found to adsorb into the membrane because of the potential substantial energy barrier of particle wrapping, implicating that the endocytosis-like mechanism is an energy-mediated process [41] . Thermodynamics of charged nanoparticle adsorption on charge-neutral membranes was also simulated [42] . The electrostatic attraction improves the adhesion of a charged nanoparticle to the membrane. With the increase of electrostatic energy, a charged nanoparticle can be almost fully wrapped by the membrane. And the nonspecific adsorption of charged nanoparticles has significant effects on the physical characteristic of the membrane. The adsorption of cationic nanoparticles induces the local disordered transition in the adhering region of the membrane, whereas nanoparticles of negative charge induce the formation of the high ordered region in fluid bilayer. The thermodynamic quantities obtained may explain this process based on the Helfrich theory, indicating that the driving force of the wrap originates from the gain in electrostatic energy at the cost of the elastic energy of biomembranes.
Although the mechanisms of endocytosis and the effect of many nanoparticles properties on cellular uptake have been studied extensively, there have still remained a lot of unknowns. For example, the cell-specific uptake of MNPs and the cellular uptake kinetics in different cell lines should be studied systematically.
Cytotoxicity evaluation
Recently, it has been shown that despite the initial belief in the non-cytotoxic properties of MNPs, the physicochemical properties of nanoparticles [15] and the high intracellular concentrations of MNPs were required for some implications such as efficient MRI and cell label poses serious threats on cell homeostasis. Thus, the possible toxicity of MNPs with cells and the understanding of the mechanism is becoming an essential focus to ensure the safe use of MNPs in biomedical implications. More recently, much effort has been devoted to investigating the cytotoxicity of MNPs or just confirming the biocompatibility of synthesized MNPs with different surface coatings. Different surface-modified MNPs, including those coated by dextran [43] [44] [45] , heparin [46] , DMSA [29, 32] , APTS [32] , GLU [32] , protamine [47] , lipid [44, 45] , PEG and their derivatives [33] , silica [12] , as well as bare MNPs [48] , were evaluated. A series of targeting cell lines were used in vitro for testing including phagocytic [49] , neural [48] , hepatic [47] , epithelial [49] , stem and progenitor cells [50] , immune and blood cells [49, 51] and various cancer cell lines [48] .
Several main assay categories, including cellular uptake, cell viability, reactive oxygen species (ROS) production, cell morphology phenotyping, and cell stress are central themes in the testing of influence of nanopartilces on cells, which was reviewed previously [27] . Among them, cellular uptake may play a predominant role in the other cell responses. So we discussed it separately in last section. In this section, we discuss the other cell responses.
Assays of cell viability (live versus dead cells)/proliferation (cell-cycle progression) in a sample provide gross estimates of the cell response to a treatment and are frequently used as an overall biocompatibility assessment criterion. A number of routine, dye-based cell viability/proliferation assays including neutral red, trypan blue, and EDU, formazan-based assays (MTT, MTS, WST) are available for this assessment.
Various reports revealed close links between cell viability/proliferation and nanoparticle size, concentration, surface properties and surface functionalization, which may result from the close links between cellular uptake and these parameters. Although the internalization nanoparticles are not the only factor which can influence cell viability/proliferation, and nanoparticles adsorbed on the cell surface or just the exit of nanoparticles in the cell culture medium may have effects on the cell viability or their proliferation, it has been shown by several groups that high intracellular concentrations of MNPs diminished the viability/proliferation of cultured cells. It was reported that positive superparamagnetic iron oxide nanoparticles (SPIONs-NH 2 ) display lower cell viabilities in comparison to negative particles (SPIONs-COOH), and the toxicity amounts of bare SPIONs are higher than those of other coated SPIONs, which was investigated by MTT, in all the three employed human cell lines-HCM (heart), BE-2-C (brain), and 293T (kidney) [52] . And the reason for the lower cell viability of SPI-ONs-NH 2 might relate to their significant and deep cellular uptake amounts. This effect was also confirmed by our group that the enhancement intracellular uptake of protamine modified MNPs led to the lower particles concentration level at which a significant impairment of treated SMMC-7721 (human hepatoma cell line) cells viability did appear [47] . In another study, four types of iron oxide particles: Resovist (coated with carboxydextran), Endorem (coated with dextran), very small organic particles (coated with citrate), and magnetoliposomes (MLs, coated with lipids) were incubated with murine C17.2 neural progenitor cells and human blood outgrowth epithelial cells. Cell-cycle progression assessment showed a clear reduction in both cell lines proliferation, the cell doubling time increased compared with untreated control cells. This study also revealed the nanoparticle concentration-denpendent effects on cell proliferation for Resovist and Endorem as the cells appear to recover when the particles have been diluted [45] .
Besides evaluating with only one or few kinds of cell in most studies, reliable comprehensive studies to systematically evaluate the cytotoxicity of MNPs on multiple cell lines from different tissues and species were also performed [43, 44, 49, 53] . Some of these studies demonstrated that the cytotoxicity of various MNPs is cell-specific. For example, three kinds of cells, i.e. asrocyte, renal cells NRK and rat liver cells BRL 3A, would not obviously be affected by the dextran-stabilized MNPs up to the concentration at 128 μg/mL, while apoptosis was significantly observed for periphery blood mononuclear wells (PBMC) with high concentration particles (64 and 128 μg/mL) [43] . The conclusion ascribed by these studies could well explain the contradictory results on the toxicity of particles when the exact same nanoparticles were interacted with various cells reported by plenty of literature.
In addition to the direct outcome showed by cell viability/proliferation, assays of ROS (effectors), was also used to deeply understand the cytotoxicity mechanisms of nanopartilces. ROS are products of normal metabolism, at physiological low levels, ROS function as "redox messengers" in intracellular signaling and regulation, whereas excess ROS represents a oxidative stress condition, in which, ROS production overcomes the antioxidant protective ability of the cell, thus generates unfavorable biological effects (inducing oxidative modification of cellular macromolecules, inhibiting protein function, and promoting cell death). The reactive sites present on MNPs surface make them capture electron easily, which can lead to the formation of the superoxide radical. And the superoxide radical can then generate additional ROS through dismutation or Fenton chemistry [54] .
Although some studies have not found the direct correlation between toxicity and ROS production induced by MNPs [49] , most studies concluded that nanoparticles can be toxic, not only affecting cells in a direct way, but also indirectly by the induction of excess ROS [54, 55] . It is reported that toxicity of SPIONs with a mean size of 30 nm coated with Tween 80 surfactant in murine macrophage (J774) cells was found to be due to induction of oxidative stress and subsequent apoptosis. The intracellular ROS generation evaluated by a H 2 DCFDDA assay showed both concentration-and time-dependent, and the enhanced ROS production led to cell injury and death [55] .
Changes in protein/gene expression can reveal toxicity-dependent modulation of protein/gene expression and help to elucidate possible mechanisms of toxicity. In the study of cytotoxicity evaluation of various MNPs on the employed three human cell lines, it was revealed by the specific gene alteration and hierarchical clustering that SPIONs-COOH altered genes associated with cell proliferative responses due to their ROS properties [52] . The global gene expression of mouse macrophage RAW264.7 cells treated with MNPs coated with DMSA synthesized by our group demonstrated that this nanoparticle can strongly activate inflammatory and immune responses and can inhibit the biosynthesis and metabolism of RAW264.7 cells at a dose of 100 μg/mL [56] . The result is quite in line with the findings that phagocytic cells will release inflammatory factors when they uptake foreign materials. The cellular inflammation can also be assessed through qualitative observation of inflammatory protein expression by immunofluorescence or quantification of relevant protein signaling molecules (cytokines) at the protein level via enzyme-linked imunosorbent assay (ELLSA) or Western blotting. In the study of fluorescent-magnetic hybrid nanoparticles (ironplatinum embedded), a particle-dose-dependent increase of cytokine tumor necrosis factor alpha (TNFα) was found in both cell types of the defense system but not in epithelial cells [8] . Other signalings were also studied. For one, high intracellular iron oxide nanoparticle concentrations can affect the actin cytoskeleton and the formation and maturation of focal adhesion complex (FAC), and can affect focal adhesion kinase (FAK) expression levels. The lower amount of FAK and the reduced stimuli through FACs can further affect the actin cytoskeleton architecture and reduce cell proliferation, and could have detrimental effects on cell migration and differentiation through FAK-mediated signaling pathway [45] .
Summary
The in vitro biological effects of MNPs, especially cell responses to MNPs, as well as the interactions between nanoparticles with proteins from biological fluids, are highlighted in this article. Some effects have been concluded. However, because of the great variety in types of MNPs, cells and incubation protocols, it is impossible to make any conclusions regarding the safety of MNPs for biomedical im-plication. At nontoxic concentrations of MNPs, several of them might not be well suited for their original purpose, so it is important for the cytotoxicity assessments to evaluate MNPs efficiency, as well as the deep understanding of the toxicity pathways of various MNPs. Thus a great amount of reliable researches remain to be conducted for the safe and efficient use of MNPs in biomedical implications.
